Three-dimensional photonic-crystal grains were found in the scales of the longhorn beetle Prosopocera lactator (Cerambycidae). The local geometric structure can be described as a face-centered-cubic array of spheres, connected by short rods, reminiscent of the "ball-and-stick" models used by solid-state chemists to visualize atomic structures. Based on scanning electron microscopy, x-ray nanotomography, optical measurements, photonic band-structure calculations, and computer simulations of the reflectance, the desaturated greenish coloration is shown to arise from the observed photonic polycrystalline structure. X-ray nanotomography is revealed as a very promising tool for photonic-crystal morphology studies.
I. INTRODUCTION
The photonic structures that developed as part of animal evolution have attracted early attention. In recent years, they have been the subject of increasingly detailed investigations.
With enough results to suggest that optical biomimetic applications are ready to develop, these questions have caught the interest of a progressively broader audience [1] . Creators of innovative visual effects, from artists to engineers, have started work in order to master the propagation of light inhomogeneous media and to adequately filtering its spectrum. Nature offers them a broad choice of inspiring methods. In both artificial and natural worlds [2] , color and texture of surfaces can be modified either to attract attention or, by contrast, to avoid unwanted viewing. Broadband antireflective coatings based on moth eyes or wings structures [3] are examples of such useful biomimetic transfer.
In nature, color comes from either pigments, periodical microstructures, or a combination of both. Many birds and insects (in particular butterflies and beetles) have evolved photonic nanostructures on part of their surface resulting in a specific colored appearance. In this case, the coloration arises from optical interferences, which imply the spectrallyselective propagation of light in alternatingly low and high refractive index regions. The resulting so-called "structural colors" usually cause strong directional effects, contrasting chemical pigments that scatter nonabsorbed light diffusely and give rise to dull colorations.
Well-ordered microstructures, from multilayer stacks to three-dimensional photonic crystals, are expected to produce iridescence, sometimes with metallic colorations [4] [5] [6] [7] [8] [9] [10] . The multilayer reflector-or Bragg mirror-is one of the most common and best understood structures producing iridescent colors in insects. It is based on thin parallel layers of chitin, sometimes simply separated by air and spacers, with typical thicknesses correlated to the wavelength of the visible light [2, [11] [12] [13] . Three-dimensional structures are also found to provide iridescent coloration in insects. In this case, contrasting Bragg mirrors, the mechanism of color production involves diffraction by a highly ordered three-dimensional lattice, most often describable by joined spheres, rods, or planes [14] [15] [16] . Nature also shows that colorations lacking iridescence can also be produced structurally by introducing a specific level of disorder. One of the most straightforward mechanisms, commonly observed in insects, is the fragmentation of the photonic crystal to create randomly oriented domains, causing random light propagation. With the progressive loss of information on the initial incidence direction, multiple light scattering in this kind of medium leads to the disappearance of iridescence effects [16, 17] or even the complete loss of coloration [18] .
Three-dimensional photonic crystals have been discovered in butterflies and in Coleoptera such as weevils (Curculionidae). Weevils scales' structure was originally described as face-centered-cubic "direct" or "inverse opals" and was later characterized as a stacking of perforated slabs bearing cylindrical protrusions [14] [15] [16] . In butterflies, more elaborate and flexible architectures, such as gyroids [19] , have also been used for representing natural photonic crystals evolved under natural selection. Photonic crystallography tends to be more complex than its atomic counterpart, when coming to classifying and naming structures. Part of the difficulty arises because the contents of a primitive cell in these natural photonic crystals are the detailed distribution of the values of the refractive index, while, in atomic structures, the location of the atom's centers (indicated by deep core electrons) and the bonds' directions are usually easily recognizable. In atomic aggregates, based on these core-electrons concentrations, a "balland-stick" model of molecular structures was introduced, in 1865, by the German chemist August Wilhelm von Hofmann. Remarkably, while examining longhorns-insects that are close relatives of weevils-we found that, in some species, the scales contained structures in which we could recognize a periodic arrangement of "balls" and "sticks."
One example of these interesting scales is found on Prosopocera lactator (subspecies lactator, Fabricius, 1801), which is a beetle (Coleoptera) member of the Cerambycidae family. Insects in this family are also commonly called "longhorns" because of their specifically long antennae (Fig. 1 ). Some longhorns have been shown to have evolved scales with three-dimensional ordered photonic structures [20] . The longhorn specimen under study here originate from East Africa (Tanzania), but this species has presumably a much wider distribution: one specimen was observed on a light trap installed near the gate of the Nazinga Park, in the South of Burkina Faso [21] (West Africa). Prosopocera lactator displays elytral scale patterns with greenish-white patches surrounded by light-brown regions.
The objective of this paper is to elucidate the precise geometry of this three-dimensional structure and understand the observed coloration of the scales related to this structure. The distribution of materials organized to produce a desaturated green color will be investigated by measuring the optical properties with optic-fiber and double-beam spectrophotometers, by describing the morphology using both optical and electron microscopy, by confirming this analysis with x-ray nanotomography, and by performing numerical calculations.
II. OPTICAL PROPERTIES
In order to quantify the far-field scale's coloration, the diffuse optical reflectance of a greenish-white region was measured, for normal illumination and varying emergence angle (Fig. 2) . The directional diffusion spectra were obtained by illuminating a small area of a greenish patch (spot size 2 mm) with a Xe-lamp source through an optic fiber terminated by a thin ferule probe (1.5 mm in diameter), oriented normal to the cuticle surface. The diffused light was collected by the same kind of optic-fiber probe, under a series of angles (15 • ,
FIG. 2. (Color online)
Optical reflection spectrum of the greenish-white patches of the longhorn Prosopocera lactator on a range that encompasses the visible range. Optic-fiber source and light detector, both equipped with a fine probe ferule (spot size near 2 mm) was used. In these measurements, the illumination is kept constant and normal to the cuticle surface, while the emergence angle is varied (15 • , 30
• , 45
• in emergence planes parallel-a, c, e-and perpendicular-b, d, f-to the body axis). The weak change of reflection factor with emergence directions indicates a diffuse scattering.
30
• from normal). These measurements were carried out in two planes containing the normal to the cuticle surface, one along the body axis and the other one containing the body cross section. The collected light was spectrally analyzed using an Avaspec 2048 spectrophotometer and the diffused light was compared to the light diffused by PTFE-based white reference tile, substituting the sample under the same conditions. This normalization produces the "diffusion factor" shown in Fig. 2 .
We note that the normalized intensities for all emergence angles are close to each other, which indicates that, if the color selection is different, the diffuse distribution of power is very similar to that of the standard diffusing reference tile. The main coloring contributions come from a broad distinguishable "green" band near 520 nm and another one, in the infrared, near 850 nm. Both of them are very broad, indicating a strong color desaturation. There is no significant shift of these spectral bands as the view angle is increased: the coloring mechanism avoids iridescence. The diffusion appears isotropic in spite of the coherent orientation of the elongated scales.
Optical microscope images under epi-illumination reveal that the whole surface of the elytra (including greenish and brown areas) is covered by bristles that appear to be modified scales [22] (see Fig. 3 ). As found in other insects [13, 20] , the photonic structure responsible for the longhorn's coloration is located in these scales. The dimensions of the bristles found in the greenish-white regions are 20 microns in width and 95 microns in length. The greenish-white color displayed on the cuticle of the Prosopocera lactator is quite stable when viewed from a distance. However, properly illuminated, individual scales show multicolor highlights. The inset in Fig. 3 shows an individual scale deposited on glass: the abrupt color changes within a single scale suggest the presence of domains with different reflective responses. 
III. CRYSTALLOGRAPHY

A. Scanning electron microscopy
A piece of elytron from the longhorn was cut transversally through a greenish-white area. The operation was conducted in liquid nitrogen in order to maximize the chances to produce neat fractures that expose the scale's structure in the cross section. The sample was examined with a high-resolution fieldemission scanning electron microscope (JEOL 7500F). Due to their slanted implantation, some scales were cut in a way that reveals their internal parts. Wrapped in the external cortex (less than 1 μm thick), a highly regular three-dimensional structure shows up, composed of spheres connected to each other by rigid sticks. As for other insects' scales, the spheres and their bonds can be assumed to be made of a chitinous compound, with a refractive index close to 1.56 for visible radiation [23] [24] [25] .
As it appears, the volume of the scale is completely filled with this well-organized inhomogeneous material (see the inset in Fig. 4 ). The exact shape, size, and arrangement of spheres is however not perfect, as revealed by a close examination of Fig. 4 : several microdomains with different orientations are clearly observed. This structure can be described as a photonic polycrystal, formed by an assembly of grains with diameters in the range of a few microns (about 2 μm on the average). This multiscale structure, mixing high local order and long-range disorder, adds to the complexity of the optical response.
Scanning electron microscope (SEM) images (as, for example, the one shown on Fig. 4) give access to geometrical parameters, such as the diameters of the spheres and the diameters of the cross section of the bonding sticks. Statistical analysis of dozen of broken scales shows that the sphere's diameter is, on average, 341.7 ± 11.5 nm and that the stick's diameter is 129.6 ± 12 nm. The periodicity of the triangular lattice is 408 ± 25 nm. They also allow determination of the symmetries and lattice parameters of the crystal. These pieces of information could be extracted despite interpretation difficulties arising from the limited tilt that can be applied to the samples. Varying the view angle is a known technique used by microscopists (often with transmission microscopes) to find atomic crystal symmetries.
In order to describe the structure more completely, different views have been recorded on a very large number of samples. Deep analysis of these images permits, with this observed structure, to exploit analogies with atomic crystalline lattices, with spheres playing the role of atoms and sticks replacing bonds. Other natural periodic structures have of course already been reported [14] [15] [16] , but even if the Bravais lattice could, in these cases, be unambiguously determined, it was more difficult in these early examples to characterize the unit cell contents.
In the first view ( Fig. 5 ), the spheres' distribution presents a fourfold symmetry in the plane denoted plane A (indicated on spheres). A sphere is connected to four neighboring spheres and the angle defined by the bonds makes exactly 90
• . Each sphere in plane A also shows four sticks toward the spheres located in the upper plane (not observed on the image due to the sample fracture, but denoted plane B). The sticks linking planes A and B are rotated by 45
• , relative to the bonds formed by the sticks in plane A. By a symmetry argument, we can assume having also four sticks toward the lower plane, again of type B. The conclusion is that the coordination number is 12 and, with cubic symmetry, Fig. 5 represents either the (100) face of a body-centered-cubic (bcc) structure with a lattice parameter a bcc equal to 380 nm or the (100) face of a face-centered-cubic (fcc) structure with a lattice parameter a f cc equal to 577 nm.
Other interpretations for the same view are possible if we avoid the cubic symmetry assumption. These, however, will not be retained because of discrepancies in the coordination number. For instance, if the spheres distribute themselves on the (1010) face of a simple hexagonal (sh) structure, the coordination number would be 8, not 12, and the structure can immediately be ruled out. In order to get this sh coordination of 8, the spheres in the upper plane B (indicated on spheres in Fig. 5 ) should be localized in between the spheres of plane A and each B Hex sphere would have developed two bonds with the sphere of plane B. This has never been observed.
In a second view (Fig. 6) , the spheres' arrangement shows a sixfold symmetry. In this case, two lattices are, again, possible and the choice of these two lattices depends on the location of the neighboring spheres in a specific plane (denoted "plane A"). We first observe that a sphere is connected to six other spheres, located in the same plane A. Obviously, the angle encompassed by neighboring bonds is 60
• . The connection to the upper and the lower planes (denoted "plane B") is perpendicular to these A and B planes. Except for a translation along this perpendicular direction, planes A and B are identical and superpose exactly. This type of stacking (A A A...) suggests that we see the (0001) face of a sh structure, with a coordination number equal to 8, inconsistent with the analysis of Fig. 5 .
Fortunately, an alternative possibility can be examined. In this different interpretation, the spheres are again viewed as linked to six neighbors, but these do not belong to the same plane. A sphere is connected to two other spheres in the same plane (A or B). The four other sticks link to adjacent, shifted planes. superimposed and linked with one sphere in the perpendicular direction. The coordination number is then 12 and this can be interpreted as the (110) face of an fcc structure.
The third view (Fig. 7 ) also shows a sixfold symmetry. A sphere is connected to six neighbors located in the same plane (the angle between the bonds is again 60
• ). For this specific SEM image, a sphere in plane A is linked by three bonds to the upper plane B. These three bonds are rotated by 30
• , relative to the bonds formed by the sticks in plane A. By symmetry, we also infer to have three sticks pointing toward the lower plane B. The coordination number is then, again, equal to 12. Two possibilities exist with this coordination number 12, either the (0001) face of a hexagonal close-packed (hcp) structure or the (111) face of the fcc structure. The arrangement of spheres will be the same in these reticular planes orientations, up to (and including) second neighboring planes, in spite of the distinct crystal lattices. The third layer differs: in the fcc structure, the stacking of the layer is "A B C A B C...," and in the hcp structure, the stacking is "A B A B...." The third layer will be C or A depending on the symmetry. For the third layer in the (111) face of the fcc structure, the spheres will be localized in the unoccupied interstices (black region on the SEM image and noted C on Fig. 7) . By contrast, in the hcp structure, the third layer will be superimposed to the first layer A. The problem is that only one layer is observed under this point of view and, as a consequence, making a crystal structure choice from this sole view is not safe.
In order to summarize, (i) the first view (fourfold symmetry) could be explained by a bcc or fcc structure, (ii) the second view (sixfold symmetry) by a sh or fcc structure, and (iii) the third view (sixfold symmetry) by a hcp or fcc structure. Intersecting these plausible interpretations, we can conclude that the three-dimensional photonic crystal found inside the scale of the longhorn Prosopocera lactator has a face-centered-cubic symmetry with a lattice parameter a f cc equal to 577 nm.
B. X-ray nanotomography
The recent development of x-ray nanotomography [26] provides an interesting, independent tool for identifying the photonic crystal structure. With hard x rays from synchrotron 011907-4 radiation, it is possible to retrieve the phase of the wave transmitted through an object and, from a large number of these records, for the rotated position of the object, reconstruct the three-dimensional distribution of the material density. This, in our case, will indicate the three-dimensional location of the chitinous material, contrasted with air or with specific resins, if the object is embedded or in contact with a solidified medium. To date, the resolution of this imaging tool reaches, in all dimensions, 50 or 30 nm per voxel, so that visible photonic structures (100-200 nm scatterers) can be imaged with just enough details to suggest the disposition and links of scatterers (if not their precise shape). When describing photonic structures on living organisms, x-ray nanotomography can be envisioned as a tool for approaching photonics crystallography.
Individual scales from the beetle's elytra were detached and gathered on a flat surface. Then, a drop of glue on a sharpened glass capillary tube was used to collect them, taking care of grossly orienting them along the tube axis. No other operation was needed to prepare the samples, so that the scales were kept intact for use in the nanotomographic setup. The tube, with the longhorn's scales, was then mounted vertically and positioned to get illuminated by the hard x-ray beam. 1500 radiographs were recorded while the tube was rotated and this was repeated for four different distances from the x-ray beam focus. Reconstruction computation lead to a three-dimensional representation of that part of the solidified drop of glue that contained the scales. The region spanned by the tomographic data holds 2048 × 2048 × 2048 grid points. Then, a small region containing the data corresponding to part of a scale, 131 × 131 × 131, was extracted and visualized. Figure 8 shows two planes cut through the volume of data in this reduced region. In order to produce this view, we looked for an atypical, exceptionally large crystallite, in order to make the observation of the local order more perceptible. Both planes contain a common fixed point. The values were interpolated (using a trilinear interpolation scheme) to provide two-dimensional maps in planes adjusted for direction and origin. The map in the upper part of Fig. 8, labeled (111) , shows a cut through a plane with a local sixfold symmetry, which can be identified as a (111) plane. By rotating the direction of the cutting plane, keeping constant the point at the center of the figure, we get the map in the lower part of Fig. 8 , showing (with somewhat more defects) a local fourfold symmetry, consistent with a (100) plane for a face-centered-cubic lattice. It was verified that the angle between the normals of these two planes is close to 57
• . The distances between the scatterers in the (111) and (100) are found to be 446 and 438 nm, respectively: close enough to equality, as they should be in a fcc structure. These measurements lead to an fcc lattice parameter a = 625 nm, that differs from the value found in SEM by only 8%. This may seem to be a large discrepancy, but the accuracy of measurement on SEM systems is usually not better than 3 to 5%.
X-ray nanotomography offers several advantages over scanning electron microscopy data. First, this is a nondestructive technique: at no stage were the scales of the beetle required to be dissected to display its contents. Second, the data generated are three-dimensional, so that the local structure could be analyzed in the vicinity of the same point. By • . They can be identified as (111) and (100) planes in a fcc Bravais lattice (upper and lower images, respectively). This particular region was chosen because it corresponds to an exceptionally large, atypical, crystallite. contrast, SEM uses different viewing directions, but these usually belong to different scales or different parts of the same scale. Among disavantages, x-ray nanotomography is still a bit short of resolution (but this may improve in the future) and the appearance of the images require a lengthy (overnight) computation for the reconstruction.
IV. MODELING THE OPTICAL PROPERTIES
We now turn to the relationship between this structure and the observed optical properties. We first examine the band structure of the "local" photonic crystal, which describes the modes (monochromatic fields) propagating in the periodic inhomogeneous medium, in order to indicate the spectral regions in which diffuse scattering may occur. Then, we describe calculations of the reflectance spectrum on various faces of the photonic crystal and evaluate an average spectrum, which accounts for the incoherent multiple scattering from the disordered photonic crystallites. 
A. Photonic band structure
Three-dimensional photonic crystals give rise to propagation modes analogous to other waves in periodic structures, such as electron waves in atomic crystals. In the scales of the longhorn Prosopocera lactator, the crystal structure can be viewed as arrays of spheres connected by bonding cylinders in air, all made of chitin. The geometry of the three-dimensional crystal can promote the existence of exact directional band gaps. In natural structures, the refractive index contrast is usually not large enough to allow for the formation of complete, omnidirectional, gaps as found for electronic structures in pure insulators and semiconductors, where we note a complete absence of energy states between the valence and the conduction bands.
Based on the above experimental analysis, the photonic crystal found in the scales of the lactator has been modeled with an infinite ball-and-stick structure, an idealization that allows for the calculation of realistic electromagnetic modes. We use a fully vectorial, three-dimensional eigensolver, based on planewave expansions, to calculate the modes from Maxwell's equations in this periodic dielectric structure (MIT Photonic Band package) [27] . The photonic dispersion diagram for the fcc structure found in the scales of the longhorn Prosopocera lactator is presented in Fig. 9 .
Although the refractive index contrast (here expressed in terms of the dielectric constants ε 1 and ε 2 ) is relatively weak,
the model explains the opening of partial band gaps in several directions. In the presence of disorder, these gaps are spectral regions of strong diffusion [28] , a property that controls in fine the displayed visual effect. Spherical scattering centers have attracted attention, in photonic structures, even before the pioneering times of photonic crystals [29] and spherebased structures have played an historic role for identifying candidates for complete electromagnetic gaps in periodic media [30] . It has been found that the fcc opal structure cannot exhibit any complete band gap, even with high-dielectric spheres ( = 13) in air. However, progress has been achieved for heading for a complete gap, based on this structure. The first idea is to inverse the contrast of refractive indexes. The existence of a complete band gap near 1.3 μm in an inverse opal structure, for instance, was verified experimentally by Vlasov et al. in the first years of this century [31] . Another idea is to increase the distance between the spheres [32] [33] [34] . This may be the "strategy" adopted by evolution and natural selection in the case of Prosopocera lactator, where we have noted the introduction of "sticks" (viewed as spacers) between the spheres. This increase of distance between scatterers results in opening significant directional band gaps, in spite of the low refractive index contrast associated with the use of biopolymers. The photonic band-structure diagram (Fig. 9) explains the two main peaks observed in the optical spectrum (Fig. 2) . The gap centered around the reduced frequency 0.65 along the direction -L fits a peak found in the infrared (850 nm). The reticular plane of the fcc lattice associated with this direction is (111).
The second major contribution in the reflectance spectrum is the peak centered near 520 nm. Again, this can be explained by the band-structure diagram with the partial gap around the reduced frequency 1.15 in the -X direction [associated with the (100) face]. The partial gaps above the reduced frequency 1.5 (392, 354, and 379 nm) contribute to background reflections in the UV range but have no impact on the color, as perceived by the human eye. One partial gap is difficult to associate to any well-defined reflection peak: the gap centered on the reduced frequency 0.8 (687 nm) is not distinguishable in the broad reflectance background shown in the optical spectrum (Fig. 2) . It is important to note, however, that the gap is observed along the -X direction [(100) face] and that this face is clearly seen in the SEM analysis (Fig. 5) .
The above band diagram calculated for a perfect photonic crystal shows that, while an ideal structure can account crudely for the different contributions of the longhorn's scales, it cannot explain the broad spectrum and the desaturation of colors observed experimentally (Fig. 2) . The scales of Prosopocera lactator are not infinite crystals, as assumed in this modeling approach. The material inside the scales shows domains and irregular interfaces [16, 17] , which complicates light scattering. Due to the multiple internal diffuse reflection caused by the different faces of the domain crystallites and by the structured cortex wrapping the photonic structure, we observe a decay of the correlation between the emergent and the incident wave directions. This loss of memory of the incident waves' orientation explains the diffuse structural light scattering, the lack of iridescence, and the dull appearance. Another consequence of the multiple scattering on grain boundaries is that the frequency spectrum will be broadened, due to the averaging of incidences on the individually iridescent crystal grains.
B. Photonic-crystal reflectance calculation
The polycrystal can be viewed as a patchwork of disoriented photonic crystallites, each of which inherits the frequency response of an infinite photonic crystal film. The crystallite ensemble produces an incoherent superposition of reflected intensities. The frequency dependence of the diffusion from each local grain tends to produce a saturated color, but the iridescence following orientation changes leads to a spectral broadening and to color desaturation.
It is possible to calculate the hemispheric reflectance of a model photonic-crystal film, with a structure that follows the same prescription as for the above band-structure calculation. However, when calculating reflection, it will be essential to introduce the effect of disorder. This will be done by averaging over all propagation directions of impacting beams, representing the random scattering incidence of light on individual grains in the wave propagation through a photonic polycrystal structure (see [16] for details). This requires one to perform a series of reflectance calculations, each assuming a perfect photonic-crystal film with limited thickness. A three-dimensional transfer-matrix approach [35] provides the needed methodology to account for multiple scattering on such a nanoscopically ordered structure.
At this lower "ordered" hierarchical level, the calculation is essentially exact (except for the limitation of the number of diffraction orders that are computable) and accounts for the full frequency dependence of light diffusion. The two-dimensional plane-wave expansion of the fields included 16 wave vectors (16 propagating and evanescent diffraction orders). Several surface orientations of a perfect photonic-crystal film will be considered and, for each orientation, the thickness of the film will include eight layers of three-dimensional crystal cubic cells (roughly the scale's thickness).
There is, in principle, an infinite number of different surfaces (as many as reticular planes) for a semi-infinite fcc crystal. In the present case, only the (100), (110), and (111) surfaces have been observed when cutting scales parallel to the cuticle surface. Our model will then only consider these three particular grain orientations. The geometrical model takes care of representing properly all the links seen in the SEM images, for these three orientations and, as shown in Fig. 10 , which compares the model crystal structure used in the calculation (right column) with the observed ones (left column), we closely model the observed fcc crystal structure.
On each of these surfaces, incidences with azimuthal and polar angles (every 5
• ) are included. Random multiple reflection occurs on each grain (including diffusion by the scale's cortex and previously scattered waves) before reaching the grain that actually delivers the escaping power. These contributions are simulated by the intensity delivered by all incidences, added incoherently. This is done for each of the three observed surfaces, and these contributions are also added incoherently.
The resulting spectra are found in Fig. 11 , which shows the calculated spectroscopic results. The three upper graphs give the averaged hemispheric reflectance for, respectively, the (100), (110), and (111) grain orientations. In order to ease identification of similarities with a total hemispheric reflectance, those three contributions have been averaged (curve marked as "Average"). Since no evidence have been found of any privileged orientation, the same weight was given to each orientation. The last graph shows the experimental curve ("Expt."), which gives the diffuse reflection integrated over a complete hemisphere. A double beam Perkin Elmer 750s spectrophotometer and an integrating sphere was used for this measurement. The hemispheric reflected intensity is, as before (see Fig. 2 ), compared to the corresponding intensity scattered from a calibrated diffusive white polytetrafluoroethylene reference.
All three surfaces show contributions throughout the whole range of visible wavelengths and produce very desaturated colors. The weak color selection is visible in the calculated average: the higher one, in the near infrared-arising mainly from the (100) surface-and the lower one, near 520 nm, rather intense, which provides the greenish coloration displayed by the longhorn. The broad lower UV contribution of the experimental curve is known to arise from the dispersion of the dielectric constant of the chitin [20] and its shortwavelength absorption capability, not accounted for in the simulation.
Though the agreement between experimental and simulated spectra is far from perfect, the appearance of two reflectance enhancements, consistent with those found in band-structure calculations, correlates with the scattering enhancements shown on the measured spectrum. The reflectance simulations, which account for long-range disorder, also show another property, which cannot be explained by considering the modes of a perfect photonic crystal: the color desaturation. The polycrystalline disordered association of locally wellorganized grains will indeed lead to a very desaturated color, close to white, while it also suppresses iridescence effects. The corresponding color (perceived by the human eye) can be calculated and presented on a xy chromaticity graph as presented in Fig. 12 . Both the experimental (circle) and theoretical (cross) chromaticity coordinate points show the same desaturation: both are located very close to the "perfect" white center. The calculated reflectance curve predicts a hue closer to blue than found in the experiment. We attribute the difference to the approximation of a constant refractive index, which neglects chitin dispersion and absorption at short wavelengths.
V. CONCLUSION
A three-dimensional photonic crystal was found in the inner structure of the scales of the longhorn Prosopocera lactator (Cerambycidae). Against expectations, this very ordered local structure only produces a desaturated greenish-white coloration, without iridescence. This structure can be described as an array of spheres connected by rods, made of chitin in air. The diameter of the spheres is about 340 nm and the diameter of the rods cross section is 130 nm. A face-centered-cubic symmetry with a lattice parameter a f cc equal to 577 nm best describes the SEM observations, confirmed by x-ray nanotomography. The photonic band-structure diagram and the reflectance calculated from a model based on the structure observed in the insect's scales correctly explain the essential features of the optical spectrum. The broadening of the spectrum is explained by the disorder of grain orientations and the diffusive action of the structured scale's cortex was taken into account in the modelization by averaging over all the incidence angles and over the three main crystal orientations. The diffusive mechanism leading to a dull color in Prosopocera lactator (related to an observed broad optical spectrum) and the avoidance of iridescence can be explained by the fragmentation of the photonic structure into an assembly of crystallites of micrometer size, with a long-range orientational distribution: a photonic polycrystal structure.
An important point raised by the present work is the emergence of a "crystallography" technique applicable to natural photonic crystals: x-ray nanotomography. This photonprobe technique may adequately complement electron nanotomography [36] in situations where samples are thick and when it is important to avoid vacuum. Nanotomography, from photons or electrons, is an important approach since, at the moment, classic two-dimensional scanning or transmission electron microscopies can only provide a partial view of the geometry (through a limited series of two-dimensional views). With nanotomography, the full three-dimensional distribution of matter is revealed without intrusion with any mechanical fracture. The description of a localized internal surface in all dimensions of space provides a much safer way of assessing its geometry and making the size measurements needed by theoretical modeling. At the moment, the resolution provided by synchrotron radiation still limits the exploitation of this technique, but, as this work shows, the assessment of the arrangement (if not the shape) of the scattering centers is made accessible. The rapid evolution of synchrotron radiation techniques and instrumentation gives much hope for future resolution improvements. Contrasting man-made photonic structures, biological interfacial materials are not known until they are revealed to us in the bulk of their volume.
